Mutations in the gene encoding the Wiskott-Aldrich syndrome protein (WASP) are responsible for Wiskott-Aldrich syndrome and WASP is a major actin regulator in the cytoplasm. Although rare gain-of-function mutations in the WASP gene are known to result in X-linked neutropenia (XLN), the molecular pathogenesis of XLN is not fully understood. In this study, we showed that all reported constitutively activating mutants (L270P, S272P and I294T) of WASP were hyperphosphorylated by Src family tyrosine kinases and demonstrated higher actin polymerization activities compared with wild-type (WT) WASP. Further analysis showed a tendency of activating WASP mutants to localize in the nucleus compared with WT or the Y291F mutant of WASP. In addition, we found that WASP could form a complex with nuclear RNA-binding protein, 54 kDa (p54nrb) and RNA polymerase II (RNAP II). ChIP assays revealed that WASP associated with DNA, although the affinity was relatively weaker than RNAP II. To determine whether gene transcription was affected by WASP mutation in myeloid cells, we performed microarray analysis and found different expression profiles between WT and L270P WASP-transfected K562 cells. Among the genes affected, granulocyte colony-stimulating factor receptor, Runx1, and protein tyrosine phosphatase receptor c were included. ChIP on chip analysis of genomic DNA showed WT and L270P WASP had a highly similar DNA-binding pattern but differed in binding affinity at the same locus. Therefore, our results suggest that the open conformation of WASP regulates its nuclear localization and plays requisite roles in regulating gene transcription that would contribute to the outcome in the nucleus of myeloid cells.
Introduction
Wiskott-Aldrich syndrome (WAS) is an X-linked recessive immunodeficiency characterized by thrombocytopenia, eczema and recurrent infections (1) . The gene encoding the WAS protein (WASP) was first discovered in 1994 as the defective gene product leading to WAS through linkage analysis (2) . WASP is exclusively expressed in hematopoietic cells (3) . The loss-of-function mutations in the WASP gene are commonly found in patients with classical WAS and milder variant X-linked thrombocytopenia (XLT). The gain-of-function mutations in the WASP gene are rare and responsible for X-linked neutropenia (XLN) (4) (5) (6) . Although three known activating WASP mutations (L270P, S272P and I294T) have been reported, the molecular pathogenesis of XLN has not been clearly understood.
WASP is a key molecule that mediates signals to regulate actin polymerization through its carboxyl terminus consisting of a verprolin, cofilin and acidic (VCA) domain (7) . The VCA region binds to the actin-related protein 2/3 (Arp2/3) complex and recruits monomeric actin to stimulate nucleation of branched actin filaments (8) . WASP is implicated in the control of actin dynamics, which is important for cellular processes such as chemotaxis, phagocytosis and cell-cell contact in hematopoietic cells (9) . The WAS phenotype is characterized by abnormal actin structures in platelets and immune cells (10, 11) . For example, murine cells deficient in WASP are unable to cap CD3 because of defective actin reorganization in response to TCR signaling (12) (13) (14) . WASP null peripheral blood monocytes and macrophages exhibit impaired FcγR-mediated phagocytosis (15) . On the other hand, exposure of the VCA domain due to a constitutively activating WASP mutation leads to enhanced actin polymerization activities in cells. The aberrant actin polymerization has been shown to affect cytokinesis of cells and induced genomic instability in lymphocytes (6, 16) .
WASP is self-regulated by the adoption of an autoinhibited conformation through a hydrophobic interaction between the VCA domain and the GTPase-binding domain (GBD, residue 230-288). Binding of Cdc42-GTP to the GBD disrupts this closed conformation and releases the C-terminus to interact with the Arp2/3 complex (17) . Mutations in the GBD were reported to inhibit the formation of a closed conformation leading to constitutive activation of WASP in cells. WASP can also be activated through phosphorylation of tyrosine 291 (Y291). Y291 of WASP is a consensus site phosphorylated by Src family tyrosine kinases. Phosphorylation of Y291 WASP has functional relevance in transmitting signals independent of its actin polymerization role in cells. For example, a study showed that IL-2 production in T cells after CD3 stimulation was normal in a WASP mutant with a deleted VCA domain (18) . To avoid uncontrolled phosphorylation by tyrosine kinases, the Y291 is buried deep in the autoinhibited domain of WASP and the phosphorylation efficiency of Y291 is low in the absence of activation signals such as Cdc42-GTP binding (19, 20) . So far, the phosphorylation profiles of Y291 of activating WASP mutants are unknown and remained to be investigated.
A number of proteins such as neuronal-WASP (N-WASP) and WASP verprolin-homologous protein (WAVE) shuttle between the nucleus and cytoplasm (21, 22) . N-WASP is a member of the WASP family of proteins, which has >50% homology to WASP over the full length (23) . Recently, N-WASP has been shown to affect gene transcription through binding to the complex of nuclear RNA-binding protein, 54 kDa (p54nrb) and RNA polymerase II (RNAP II) (24) . Interestingly, WASP has been discovered to play a role in T h 1 differentiation by regulating the expression of several master genes (25) .
In this study, we showed that constitutively activating mutants of WASP were hyperphosphorylated by Src family tyrosine kinases and activating WASP mutants had a higher tendency to localize in the nucleus. In addition, both wild-type (WT) and L270P WASP formed a complex with p54nrb, RNAP II and DNA, suggesting a role in gene transcription. Since active forms of WASP have been shown to affect myeloid cells, we established K562 clones stably expressing WT or L270P WASP. Through microarray and ChIP on chip analysis, we found different gene expression profiles and different binding affinity at the same locus between WT and L270P WASP, suggesting significant roles of WASP in regulating gene transcription in myeloid cells.
Methods

Antibodies, plasmids and WASP mutagenesis
Anti-p54nrb, anti-Lck, anti-Fyn and anti-vinculin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-WASP (5A5) was from BD Biosciences (San Jose, CA, USA). Anti-phosphotyrosine (4G10) and anti-RNAP II antibodies were from Upstate (Lake Placid, NY, USA).
Anti-β-actin was from Sigma (St Louis, MO, USA). Anti-Dsred, anti-GFP and anti-hemagglutinin (HA) were purchased from Clontech. HRP-conjugated secondary antibodies were from Amersham Biosciences (Piscataway, NJ, USA). FITCconjugated anti-human CD45, PE-conjugated anti-human granulocyte colony-stimulating factor receptor (G-CSFR) and control rabbit polyclonal IgG antibody were from R&D Systems (Minneapolis, MN, USA). pEGFP-WT or Y291F WASP expression vectors were gifts from K. A. Siminovitch (University of Toronto). The mutations L270P, S272P and I294T were introduced using a QuikChange site-directed mutagenesis kit (Stratagene, Amsterdam, The Netherlands) into a pEGFP-WT WASP template. Primers for L270P: 5′-CAGATCTGCGGAGTCCGTTCTCCAGGGCAGG-3′ and 5′-CCTGCCCTGAGAACGGACTCCGCAGATCTG-3′, S272P: 5′-CTGCGGAGTCTGTTCCCCAGGGCAGGAATCAGC-3′ and 5′-GCTGATTCCTGCCCTGGGGAACAGACTCCGCAG-3′, I294T: 5′-CTTATCTACGACTTCACTGAGGACCAGGGTGGG-3′ and 5′-CCCACCCTGGTCCTCAGTGAAGTCGTAGATA AG-3′ were used. All constructs were verified by sequencing. HA-tagged WT WASP and L270P WASP plasmids were prepared from pEGFP-WASP constructs. pME-Lck and pCXN2-Fyn vectors were provided by M. Satake and N. Ishii (Tohoku University), respectively. pEGFP and pDsred vectors were from Clontech (Mountain View, CA, USA). p54nrb was PCR amplified using cDNA from Hela cells and the final product was inserted in-frame into pDsred vector.
Cell culture and transient transfection
K562 and COS-7 cells were maintained in RPMI and DMEM medium, respectively, supplemented with 10% FCS.
2 × 10 5 COS-7 cells per well were seeded into 6-well plates. After 12 h, cells were transfected with 1 μg respective plasmids using Lipofectamine LTX with Plus reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). Cells were lysed with lysis buffer or fixed with 4% parafolmaldehyde at 24 h after transfection.
Establishment of K562 cells stably expressing WT or L270P WASP
EGFP-or HA-tagged WASP plasmids were transfected by electroporation into 2 × 10 6 K562 cells using Gene Pulser II (Bio-Rad, Hercules, CA. USA) at 280 V, 500 mF. Transfected cells were plated into 96-well plates and selected with 500 μg ml −1 of geneticin (Gibco, Carlsbad, CA, USA) for 3 weeks. Several colonies stably expressing WT or L270P WASP were selected by western blotting using anti-WASP antibody. After confirming WASP expression, cells were subjected to limiting dilution in 96-well plates to obtain single cell colonies.
Immunoprecipitation and western blotting
Cells were lysed in lysis buffer containing 50 mM Tris (pH 7.4), 1% Triton X-100, 150 mM sodium chloride, 2 mM sodium orthovanadate, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride and a cocktail of protease inhibitors. Nuclear and cytoplasmic fractionation was performed essentially as described previously (21) . Lysates were precleared with protein-G sepharose beads (Amersham Biosciences) before Role of nuclear WASP in myeloid cells 343 being subjected to immunoprecipitation at 4°C for 1 h with anti-GFP antibody (2 μg). Immunoprecipitates were recovered by protein-G sepharose beads. Proteins were resolved on 10% SDS-PAGE gels and transferred to polyvinylidine difluoride membranes. Membranes were probed with primary and corresponding secondary antibodies conjugated to HRP. Membranes were developed using enhanced chemiluminescence reagents (Amersham Biosciences).
Immunofluorescence microscopy COS-7 cells were transfected with EGFP-tagged WT, L270P, S272P, I294T, Y291F WASP or HA-tagged WT, L270P WASP with or without Dsred-p54nrb. After 24 h, cells were washed twice with PBS before fixing with 4% (w/v) paraformaldehyde. Stained cells with anti-HA antibody were mounted on slides with ProLong Gold antifade reagent with 4,6-diamino-2-phenylindole (DAPI) (Invitrogen). Slides were observed using an Olympus BX61 fluorescence microscope. The fluorescence intensities in the nucleus (F n ) and cytoplasm (F c ) of the cells were quantified in 50 transfected cells using the Lumina Vision software. The ratio of F c − F n versus F c was then calculated and used to quantify nuclear localization of WASP as described previously (21) .
Statistical analysis was performed by Student's t-test.
F-actin quantification
COS-7 cells were transfected with EGFP-tagged WT, L270P, S272P, I294T, Y291F WASP or EGFP expression vectors as described above. After 24 h, cells were collected and immediately fixed with 4% paraformaldehyde. Fixed cells were stained and permeabilized in a single step in buffer containing 0.1% Triton X-100 and phalloidin 568. Stained cells were thoroughly washed with PBS five times and total F-actin content per EGFP intensities were measured by a plate reader.
Microarray analysis
The expression levels of WT or L270P WASP in stably transfected K562 clones were examined by RT-PCR and western blotting. K562 clones expressing comparable WT or L270P WASP levels were selected. The total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen). The quality of RNA was determined using denaturing formaldehyde gel electrophoresis and a Bioanalyser (BMR, Chiba, Japan), and the concentration of each sample was measured by Nanodrop (LMS, Tokyo, Japan). A total of five samples were used for analysis, including the K562 parental cell line (sample name K562), two samples of K562 WT WASP extracted at different times (sample name WT-1, WT-2) and two samples of K562 L270P WASP extracted at different times (sample name MUT-1, MUT-2). The experimental design includes initial pair comparison and subsequently pair to pair elimination using each sample as standard. The groupings were as follows:
and (x) MUT-1 versus MUT-2 (bold letters indicate standards). The GeneChipR Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA) was used because this chip contains around 54 000 probes, which covered most of the genes. Data mining was performed using Agilent Genespring viewer software by the criteria of either up-regulated 2 times or down-regulated 0.5 times. Genes were narrowed down further by applying the following key words: apoptosis, differentiation, granulocyte and myeloid after comparison. Genes that overlapped in groups 5, 7, 8, and 9 were chosen and non-overlapping genes were further eliminated using a Venn diagram. Candidate genes were selected and processed to confirmation using RT-PCR and western blotting.
RT-PCR
Total RNA isolated with an RNeasy mini kit and DNase I (Qiagen) was applied to the column to remove DNA during RNA purification. After reverse transcription of 2 μg of total RNA by an oligo-dT primer using SuperScript MMLV reverse transcriptase (Invitrogen), the resulting single-stranded cDNA was amplified using a high fidelity PCR system (Toyobo). PCR was performed on 100 ng of single-stranded cDNA in the presence of 5 μM oligonucleotide primers in a Takara Minidice Thermal Cycler (30 cycles, denaturing at 95°C for 1 min, annealing at 60°C for 30 s and extension at 68°C for 2 min). Aliquots of the amplified products were separated by 1.5% agarose gel electrophoresis, visualized by ethidium bromide staining and quantified by a CS3 imager analyzer (ATTO, Tokyo, Japan). The primers used were as follows: G-CSFR: forward 5′-GCCACTGCTGCATCCCACGC-3′ and reverse 5′-GGAGTCTGGTCAGACTGGG-3′, PTPRC: forward 5′-CAGG CAGCAATGCTATCTCAG-3′ and reverse 5′-CTCCTG GACTCCCAAAATCTG-3′, Runx1: forward 5′-CCAGCAAGCTG AGGAGCGGCG-3′ and reverse 5′-TGACGGTGACCAGAG TG-3′.
Flowcytometry analysis
× 10
5 cells of the K562 parental cell line or K562 clones stably transfected with WT or L270P WASP, were blocked with 0.5% BSA before staining with FITC-CD45, PE-G-CSFR or control IgG antibodies for 40 min at 4°C. Stained cells were washed twice with PBS before subjecting to flowcytometry analysis on a FACS Calibur (Becton Dickinson, San Jose, CA, USA), and a total of 10 000 events were collected.
ChIP assay
The chromatin of K562 clones stably transfected with WT or L270P WASP was fixed and immunoprecipitated with 2 μg anti-RNAP II, anti-WASP (5A5) or normal rabbit IgG by using a ChIP assay kit (Upstate Cell Signaling Solutions, Charlottesville, VA, USA) as recommended by the manufacturer. After DNA purification, the presence of selected DNA sequences was further assessed by PCR. The primers used were as follows: GAPDH forward: 5′-TACTAGCGGTTTTACGGGCG-3′ and reverse: 5′-TCGAACAGGAGGAGCAGAGAGCGA-3′.
ChIP on chip analysis
Microarray hybridization was performed by the NimbleGen Service Facility in Tokyo. K562 cells expressing WT or L270P WASP were cross-linked with formaldehyde before being subjected to sonication to shear DNA. Immunoprecipitation was performed with anti-WASP (5A5) antibody, and 100 ng of precipitated DNA was used for amplification using a whole genome amplification kit (Sigma). Amplified DNA in each sample was labeled with Cy3 or Cy5 before hybridizing to an Agilent Human Promoter 244K chip. Images were taken with Agilent DNA microarray scanner and the data were analyzed by Agilent's GeneSpring software.
Results
Characterization of constitutively activating WASP mutants
We constructed L270P, S272P and I294T WASP from pEGFP-WT WASP by PCR mutagenesis (Fig. 1A) . The non-phosphorylated form of WASP (Y291F) was included as a negative control of tyrosine phosphorylation (26) . To examine whether they were functionally active, COS-7 cells were transfected with EGFPtagged WASP constructs or EGFP alone. After 24 h, cells were fixed and stained with phalloidin 568. As shown in Fig. 1(B) , constitutively activating WASP mutants (L270P, S272P and I294T) demonstrated a significantly higher F-actin content than WT (P < 0.01), while Y291F showed decreased F-actin content (P < 0.01).
Torres and Rosen (19, 20) showed that the closed conformation of WASP is crucial to prevent Y291 phosphorylation by Src family tyrosine kinases. To examine whether activating WASP mutants were susceptible to enhanced tyrosine phosphorylation, we co-transfected Lck or Fyn with WASP expression plasmids into COS-7 cells. After 24 h, cells were harvested and total lysates were immunoprecipitated with anti-GFP or control IgG antibody. The intensities of bands probed with anti-phosphotyrosine and anti-WASP antibody were quantified by densitometry analysis. The tyrosine phosphorylation levels of activating L270P, S272P or I294T WASP mutants after co-transfecting with Lck were 9.8-, 15.0-or 5.6-fold higher, respectively, compared with WT WASP (Fig. 1C) . On the other hand, these mutants, after co-transfecting with another tyrosine kinase, Fyn, showed 3.3-, 4.4-or 2.1-fold higher phosphorylation of L270P, S272P or I294T WASP, respectively, compared with WT WASP (Fig. 1D) . Together, these results showed that activating WASP mutants were susceptible to enhanced tyrosine phosphorylation by Src family tyrosine kinases and possessed higher actin polymerization activities in vivo compared with WT or Y291F WASP.
Activating WASP mutants demonstrate higher nuclear localization than WT or Y291F WASP
A putative nuclear localization signal (NLS) motif (KKRSGKKK) has been suggested in amino acids 225-232 of human WASP (25) . Interspecies comparison of WASP showed that the NLS motif, basic and GBD regions (amino acids 210-310) were highly conserved ( Fig. 2A) . Similar matching with the reported NLS of N-WASP, a homolog of WASP, showed a slightly similar NLS, EKKKGKAKKKR to WASP (Fig. 2B) . However, WASP is maintained in an autoinhibited conformation through binding between the GBD and the VCA domain in the resting state. Thus, we speculated that activating mutations in the GBD might disrupt the closed conformation and expose the NLS. To determine whether activating WASP mutants have a different localization pattern from WT or Y291F WASP, COS-7 cells were transfected with EGFP-tagged WT, L270P, S272P, I294T or Y291F WASP. We failed to express the mutant that had deleted the whole NLS in COS-7 cells probably due to unstable protein. We could not identify critical basic residues because six basic residues, five lysine and one arginine, were in the NLS of WASP. EGFP fluorescence intensities in the cytoplasm or nucleus were quantified by image processing software and the ratios were calculated as described in Methods. WT and Y291F WASP were mostly localized in the cytoplasm. In contrast, all three activating WASP mutants showed a significantly lower cytoplasmic/nuclear ratio (P < 0.01) than WT and Y291F WASP, with some cells showing both cytoplasmic and nuclear localization (Fig. 2C and D) .
WASP is co-immunoprecipitated with p54nrb and RNAP II
Since WASP could localize in the nucleus, we examined whether WASP interacted with any molecules in the nucleus. N-WASP has been shown to associate with p54nrb, an important nuclear molecule, which regulates RNAP II-dependent gene transcription in the nucleus (24) . To examine whether p54nrb is a binding partner for WASP, we co-transfected Dsred-tagged p54nrb with EGFP-tagged WT WASP, L270P WASP or EGFP alone into COS-7 cells. Cell lysates were subjected to immunoprecipitation with anti-GFP or control IgG antibody. Figure 3(A) shows that both EGFP-tagged WT and L270P WASP were co-immunoprecipitated with p54nrb and RNAP II, but not in EGFP-transfected cells or immunoprecipitation with control IgG.
To examine whether WASP could localize with p54nrb in the nucleus, EGFP-WASP-transfected cells were fixed and subjected to immunofluorescence. Consistent with the results in Fig. 2(C and D) , EGFP-WASP was localized in both cytoplasm and nucleus, and L270P WASP localized relatively more than WT WASP in the nucleus, in which exogenous p54nrb was exclusively expressed. Similar results were obtained in COS-7 cells transfected with HA-tagged WT and L270P WASP (Fig. 3B) .
WASP binds the promoter region of genomic DNA
WASP could form a complex with p54nrb and RNAP II, indicating a role in gene transcription. Next, we examined whether WASP could bind to the promoter region of genomic DNA. As WASP expression is restricted in hematopoietic cells and L270P WASP mutation in humans results in XLN (4, 5), we used a human myeloid cell line, K562, in which WASP expression is undetectable (Fig. 4A and B) . We established several clones of K562 cells stably expressing WT or L270P WASP. Clones with comparable WASP expression levels were selected after verification by RT-PCR with WASP primers (Fig. 4A ) and western blotting with anti-WASP antibody (Fig. 4B) .
To examine subcellular localization of GFP-tagged WT or L270P WASP in K562 cells, equal numbers of cells were Role of nuclear WASP in myeloid cells 345 subjected to nuclear and cytoplasmic fractionation. As shown in Fig. 4(C) , both of EGFP-tagged WT and L270P WASP, as well as actin, were detected in the nuclear fraction. A relatively higher ratio and a 2.7-fold increase of nuclear WASP were observed in L270P WASP compared with WT WASP. Similar results were obtained in cells transfected with HA-tagged WT and L270P WASP, and a 1.8-fold increase of nuclear WASP was observed in L270P WASP compared with WT WASP (Fig. 4D) . Same samples were probed with vinculin and p54nrb or RNAP II to show that fractions were not a result of contamination of nuclear and cytoplasmic proteins, respectively.
A previous study showed that N-WASP formed a complex with RNAP II and bound to the GAPDH promoter (24) . To examine whether WASP could bind to DNA in the nucleus, lysates from WT or L270P WASP-expressing K562 cells were subjected to ChIP assay. DNA-protein complexes were immunoprecipitated with anti-WASP, anti-RNAP II or control IgG antibodies. The immunoprecipitated DNA was analyzed by PCR using primers that amplify the GAPDH promoter. Bands were highly detected in RNAP II immunoprecipitates compared with a relatively weak signal in WASP immunoprecipitates. No band was detected in control IgG immunoprecipitates or the no template PCR negative control. Of note, the PCR signal was relatively higher in L270P WASP compared with WT WASP, which could be caused by increased WASP localization in the nucleus (Fig. 4E) . 
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Distinct gene expression profiles in WT or L270P WASPtransfected K562 cells
We next performed microarray analysis to investigate the gene expression profiles in K562 cells stably transfected with WT and L270P WASP. Gene expression profiles of L270P-transfected K562 clones (MUT-1, MUT-2) were compared with the control WT WASP-transfected K562 clones (WT-1, WT-2) or the parental K562 as described in Methods. Pair numbers 6 and 10 were controls and genes overlapped in these groups were eliminated (Fig. 5A) . Overall gene expression analysis through dot plot showed that the WT-1 clone was closely related to the WT-2 clone, but remained distinct from MUT-1 and MUT-2 clones or the parental K562 (Fig. 5B) . Next, scatter plots were used to identify genes whose expression levels were significantly affected in each pair group (Fig. 5C ). The total number of genes up-regulated or down-regulated >3-fold were 42 and 69 genes, respectively, in WT compared with L270P (MUT) WASP-transfected K562 clones. On the basis of gene annotations and functions including surface molecules, receptors, transcription factors, cytokines, integrins, cell cycle and signaling transduction, we showed that a number of genes in WT-1, WT-2 or MUT-1, MUT-2 clones were differentially regulated compared with the parental K562 cells (Fig. 5D) .
To confirm the result of the microarray analysis, we selected a few genes of interest and examined their expression levels by RT-PCR, western blotting or flowcytometry analysis using the same clones used for microarray analysis. Interestingly, L270P WASP-transfected K562 cells showed a higher mRNA expression of protein tyrosine phosphatase receptor c (PTPRC/CD45) compared with the parental or WT WASPtransfected K562 cells (Fig. 6A ). In addition, representative flowcytometry analysis demonstrated higher protein expression level of CD45 in the L270P WASP-transfected clone (Fig. 6D) . On the other hand, mRNA and protein levels the of Runx1 ( Fig. 6A and B) or G-CSFR (Fig. 6A and C) were increased in WT WASP-transfected K562 cells, but not in parental or L270P WASP-transfected K562 cells.
Different binding affinity to the genomic DNA binding region of WT or L270P WASP
To examine whether WT or L270P WASP bound to the promoter region of the genes examined in Fig. 6 , we performed ChIP on chip analysis using WT or L270P WASP-transfected K562 cells. DNA-protein complexes were immunoprecipitated with highly specific anti-WASP 5A5 mAb and the immunoprecipitated DNA was hybridized to DNA chips. Scatter plots of ChIP on chip data revealed that WT or L270P WASP bound to a vast array of genes covering chromosomes 1-22, X and Y (Fig. 7A) . DNA-binding regions of PTPRC (CD45), G-CSFR and Runx1 recognized by WT WASP or L270P WASP were vastly differing among these genes, ranging from promoter regions to introns and exons. By analyzing these genes, we found a highly similar DNA-binding pattern between WT and L270P WASP, but different binding affinity at the same locus. L270P WASP bound to PTPRC (CD45) significantly stronger and it bound to G-CSFR and Runx1 weaker than WT WASP (Fig. 7B-D) , while it showed similar binding affinity to the housekeeping gene, GAPDH (Fig. 7E) . These results were consistent with our data that L270P WASP up-regulated PTPRC (CD45) expression while WT WASP up-regulated G-CSFR and Runx1 expression, suggesting that WT or L270P WASP promoted different gene expression by altered DNAbinding affinity at the same locus.
Discussion
In this study, we showed that WASP was present both in the cytoplasm and the nucleus, similar to other WASP family members, N-WASP and WAVE1 (21, 24, 26, 27) , and regulated gene transcription in myeloid cells. The nucleus and cytoplasm are separated by the nuclear membrane containing the nuclear pore complex. Molecules <40 kDa can diffuse passively through the nuclear pore while larger molecules require facilitated transport mechanisms (28) . WASP is a 60-kDa protein that contains a cluster of positively charged basic amino acids (KKRSGKKK) corresponding to amino acids 225-232 as a putative NLS. We showed that the NLS of WASP was highly conserved among species. Comparison between WASP and its family member proteins showed that the NLS of WASP was similar to N-WASP, but totally different from WAVE1, indicating that other nuclear transport mechanisms could be utilized by WAVE1. Similar matching with a reported NLS of N-WASP, a homolog of WASP, showed a slightly different amino acid composition, EKKKGKAKKKR, in the basic region.
We presented here that three constitutively activating WASP mutants had enhanced tyrosine phosphorylation, higher actin polymerization activities, and showed lower cytoplasmic/nuclear ratios compared with WT or Y291F WASP. NLS and Y291 of WASP could be masked in the autoinhibitory conformation of WASP through hydrophobic interaction between the VCA domain and the GBD in inactivated cells (17) . Activating signals or constitutively activating mutations have been shown to disrupt the closed conformation between the GBD and the VCA domain (5) , which may in turn expose the NLS that allows more nuclear translocation of WASP through nuclear pores. The open conformation may also expose Y291 to Src family tyrosine kinases, resulting in enhanced tyrosine phosphorylation and Arp2/3-mediated actin polymerization (29, 30) . Thus, the autoinhibited conformation is important for safeguarding WASP from unwanted activation and for accurate regulation of subcellular localization in order to exert its function in the proper cellular compartment.
At present, studies on the functions of WASP in the nucleus remain to be investigated. We showed that WASP was coimmunoprecipitated with p54nrb and RNAP II, similar to its homolog N-WASP (24) . N-WASP is ubiquitously expressed, whereas WASP expression is restricted in hematopoietic cells (3) . Thus, loss of function due to WASP mutation primarily affects hematopoietic cells. It was demonstrated by a recent study that knockout of WASP leads to down-regulated gene transcription of master genes for T h 1 cell differentiation in the nucleus (25) . It is noteworthy that N-WASP knockout mice are embryonically lethal suggesting its broad biological importance especially in development and it not being restricted to hematopoietic cell function and differentiation (31) .
Although we showed that both WT and L270P WASP could bind to DNA, we speculated that DNA binding could be indirect through p54nrb or RNAP II. WASP has no known putative DNA-binding motifs, whereas p54nrb contains two RNA recognition motif domains that can bind to nucleic acids and proteins (32) . The interaction between WASP and p54nrb may not play a major role in the effects of WASP in its open configuration on gene transcription because the binding affinity of L270P WASP to p54nrb is similar to that of WT WASP. p54nrb, together with PSF (polypyrimidine tract-binding protein-associated splicing factor), can bind to the C-terminal domain of the largest subunit of RNAP II and mediate contacts between RNAP II and small nuclear ribonucleoproteins (snRNPs) during the coupled transcription and splicing process (33) . As gene transcription involves a myriad of transcription factors and molecules binding to the promoter, WASP may provide a scaffold recruiting different transcription factors required for efficient and proper gene transcription. Indeed, Taylor et al. reported that WASP associated with the histone-modifying proteins, H3K4 trimethyltransferase and H3K9/H3K36 tridemethylase, which are recruited and achieved transcription-permissive chromatin dynamics at the T h 1 master gene T-box transcription factor 21 (TBX21) promoter region. Therefore, knockout of WASP led to down-regulated gene transcription of master genes important for T h 1 cell differentiation in the nucleus (25) . We examined whether genes critical for T h 1 cell differentiation were included in the list of altered gene expression between WT and L270P WASP-transfected K562 cells. However, we could not identify significant genes involved in T h 1 cell differentiation, probably due to different pairs of comparison in different cell lineages.
Gene transcription is regulated by a complex network of genes. Our results showed that L270P WASP-transfected K562 cells demonstrated a distinct gene expression profile compared with WT WASP-transfected or parental K562 cells. We showed that both WT and L270P WASP were co-immunoprecipitated with p54nrb and RNAP II. Nuclear WASP could activate certain molecules or mechanisms that contribute to differential expression profiles. For example, nuclear N-WASP has been shown to modulate the expression of heat shock protein 90, which in turn regulates Src tyrosine kinase Fyn (26) . Through microarray and western blot analysis, we found that PTPRC (CD45), a molecule that regulated activity of Src family tyrosine kinases such as Lck or Fyn, was differentially expressed in WT and L270P WASP-transfected K562 cells. In fact, K562 cells expressing L270P WASP had higher CD45 expression, implying a possible negative feedback loop to attenuate tyrosine kinase activities in these cells to counter the effect of constitutively activating mutation of WASP.
In some cases, patients with loss-of-function WASP mutations developed malignant lymphoma and other malignant diseases (34-36), whereas the rare gain-of-function activating WASP mutations have been linked to XLN and myelodysplastic syndrome (MDS) (4, 5) . These observations could not be sufficiently explained by the function of WASP as an actin regulator in the cytoplasm. We have shown that WASP was co-immunoprecipitated with DNA. Moulding et al. (37) showed that WASP could play a role in cell division where uncontrolled actin polymerization by activating mutating WASP I294T caused defects in mitosis and cytokinesis, and led to decreased proliferation and increased apoptosis. These suggest that WASP dysfunction results in dysregulated cellular cytokinesis and genomic instability. However, it is unknown why only myeloid cells are highly susceptible to apoptosis as WASP is also expressed in the lymphoid lineage. Of note, we noticed some clones with over-expression of L270P WASP did not show cell death or growth inhibition. Moreover, microarray analysis data showed that apoptosis-related genes such as caspase-9 and Bcl-2 were not significantly affected. Flowcytometry analysis by annexin V staining did not reveal a significantly different apoptotic rate between WT and L270P WASP-transfected K562 cells (data not shown). Through ChIP on chip assay, we showed that WT or L270P WASP had distinct binding affinities to DNA. Thus, we speculated that L270P WASP could affect normal gene transcription, which is important for myeloid cell differentiation and proliferation. For example, Runx1 and G-CSFR, genes important for definitive hematopoiesis and terminal differentiation of promyelocytes to granulocytes, respectively, were up-regulated in WT WASP-transfected K562 cells but not in L270P WASP-transfected K562 cells.
Our study provided evidence that the open conformation of WASP could result in enhanced tyrosine phosphorylation, higher actin polymerization activities and more localization in the nucleus compared with WT WASP. We showed that WASP regulated gene transcription in myeloid cells. A previous study reported the function of N-WASP and its nuclear binding molecules in promoting actin polymerization in the nucleus and RNAP II-dependent transcriptional regulation (24) . Thus, it is interesting to explore the function of activating 
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WASP mutants in nucleus in future research to assist in understanding how aberrant function of nuclear WASP is translated into clinical defects. 
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